h, m hydraulic and manufacturer´s variation 5 6 7
Introduction 8
Micro-irrigation systems can apply irrigation water to fields with high uniformity. However the 9 effectiveness of irrigation depends not only on how the uniformity of the system is designed but also on 10 how the system is used. This requires irrigation scheduling for the irrigation amount and time. A well-11 designed micro-irrigation system cannot reach its full potential or the goal of irrigation if the decisions 12 on irrigation scheduling are not properly taken. 13
14
Irrigation time is determined by the water requirement for a given irrigation interval, the water-holding 15 capacity of the soil, the uniformity of the irrigation system and the irrigation scheduling strategy. The 16 irrigation interval depends on the daily water consumption, the soil moisture storage capacity and 17 readily available soil moisture to maintain the ideal soil moisture content for crops to use. Micro-18 irrigation (trickle, drip or mini-sprinkler) is designed for high frequency irrigation (daily or a few times 19 a week) to maintain soil moisture at optimal or near optimal level for crops at all times (Barragan & 20 Wu, 2001) . 21
22
The objective of this work is to investigate the influence of the uniformity and irrigation scheduling on 23 the economic return, water conservation and environmental protection. 24 25 2
Micro-irrigation uniformity 26
The uniformity of irrigation application by micro-irrigation is mainly affected by hydraulic design, 27 manufacturing variations, emitter grouping, emitter spacing and plugging. Of all the factors affecting 28 value of the coefficient b specifies the uniformity of the water application and can be determined by 1 (Wu, 1988; Barragan & Wu, 2001) 
The value of a can be simply determined through: 4
If the required irrigation depth is determined by the depth to achieve maximum yield, the relative 6 irrigation depth, X, can be shown as:
where Wm is the required amount of water for the total crop season to achieve maximum yield per unit 9 of area in m ; Q is the total discharge of the drip irrigation system per unit of area, m .
12
The application efficiency, Ea, of a drip irrigation system is a measure of how well the irrigation water 13 is applied; it is the percentage of water applied that is stored in the root zone and is available for plant 14 use (dimensionless). It can be expressed in decimal as: 15
where DP is the deficit percentage, dimensionless, (expressed in decimal) and is defined as the ratio of 17 the volume of water in deficit to the total volume required. The deficit percentage can be derived from 18 the triangle above the horizontal line X in Fig. 1 :
The volume of deep seepage per unit of area Vds in m 
The significance of micro-irrigation scheduling can be seen in Fig. 1 where X can be selected to cause 2 over-irrigation as well as deficit irrigation in the field. With a given uniformity of the irrigation system 3 in which a and b can be determined, any value of X in the range of a and (a+b) will cause a certain 4 deficit percentage and deep seepage volume, which can be calculated with Eqs. (6) and (7) . Therefore, 5 the choice of X in irrigation scheduling will affect water conservation, economic return and 6 environmental pollution. When X < a there will only be over-irrigation and no deficit condition. In the 7 case where X > (a+b), there will be no over-irrigation. 8
The errors introduced by using the straight line function in place of the S-curve for the normal 9 distribution can be analyzed by comparing the Ea and DP values calculated by both methods (Wu, 10 1988; Anyoji & Wu, 1994 The effects of deficit irrigation on crop yield can be shown by a linear response model and expressed as 15 follows (Dorrenbos & Kassam, 1979) : 16
where Ym is the maximum crop yield corresponding to a maximum water application per unit of area in 18 kg ha ; and Ky is a 20 reduction coefficient which is a constant for a particular crop (dimensionless). 21
When a micro-irrigation system is designed with a set uniformity, the straight line with a known value 22 of a and b can be determined. The parameter X can be selected between the values of a and a+b and 23 plotted as a horizontal line as shown in Fig. 1 . The triangle formed above the horizontal line specifies 1 deficit irrigation and will cause yield reduction. The total yield in the field affected by the irrigation 2 system uniformity CV, and the value of X can be determined (Wu, 1995) :
Micro-irrigation scheduling 6
The dimensionless value X is, in fact, a parameter for irrigation scheduling. Each individual decision on 7 irrigation scheduling will be presented as a horizontal line in Fig. 1 . Different micro-irrigation 8 schedules expressed by X are explained as follows: 9
X < a
Over-irrigation is scheduled throughout the field. There is no deficit condition in the 10 field. 11
X = a
This is a conventional irrigation schedule based on the minimum emitter flow or water 12 application. The field is fully irrigated except the point of minimum irrigation 13 application. 14
X = X0
This is an optimal irrigation schedule which is located between a and a+b. 15
This is a simple irrigation schedule in which the total amount applied, QT, is the same as 16 the amount required, Wm. 17
X = a+b
The irrigation schedule is based on the maximum emitter flow or maximum irrigation 18 application. The whole field is under deficit condition except the point of maximum 19 water application. There is no deep seepage. 20
X > a+b
Too little irrigation is scheduled. The whole field is in deficit irrigation condition where 21 there is no deep seepage for the whole field. As Fig. 1 shows, the horizontal line expressed by a value of X can be moved up and down within the 2 limits between a and a+b. Each X value represents an irrigation schedule which can be determined by 3
Eq. (4) . In an economic analysis considering the cost of water, price of crop, yield reduction from 4 deficit irrigation, cost of fertiliser loss from over-irrigation and remedial costs for environmental 5 pollution (Wu, 1995) , the total return can be expressed as: 6
where Z is the total return corresponding to a given X under deficit irrigation conditions per unit of area 8 in US $ ha .
16
The optimum irrigation schedule can be determined by taking the first derivative with respect to X for 17 Eq. (10) and setting dZ/dX = 0. The optimum irrigation schedule can be expressed as: 18
where X0 is the X value to achieve optimum return. 20
The optimum return can be obtained by using X0 for X in Eq. (10) and is shown as: 21
where Z0 is the total return of the optimal irrigation scheduling per unit of area in US $ ha
The optimum irrigation amount, QT0, can be determined from Eq. (4) ; and T0 is the optimum irrigation time schedule over the whole crop 6 season in h. 7 8
Conventional irrigation schedule 9
A conventional irrigation schedule is determined by moving the horizontal line for relative irrigation 10 depth as shown in Fig. 1 to point a in the X-scale or X = a. This schedule will maintain the whole area 11 fully irrigated. As Fig. 1 shows, when X = a, there will be no deficit condition. The irrigation schedule 12 for this case can be determined by Eq. The total return can be determined with Eq. (10): 18
where Za is the total return of conventional irrigation scheduling per unit of area in US $ ha -1 .
20
A conventional irrigation is generally applied by furrow and sprinkler irrigation to irrigate fully the 21 whole area without any deficit condition. This irrigation strategy can achieve maximum yield based on 22 the assumption that over-irrigation will not reduce the yield. However, this irrigation practice uses too 1 much water and the deep percolation caused by over-irrigation may cause groundwater contamination. 2 3
Simple irrigation schedule 4
A simple irrigation schedule can be determined by using X = 1 in Eq. (4):
where QT1 is the irrigation water applied for the simple irrigation scheduling over the whole crop ; and T1 is the irrigation time for the simple irrigation schedule over 8 the whole crop season in h. 9
The total return will be determined with Eq. (10) as: 10
where Z1 is the total return of simple irrigation scheduling per unit of area in US $ ha -1 . 12 13
Irrigation strategy for environmental protection 14
When environmental pollution from deep percolation is a major concern, the irrigation strategy can be 15 set to eliminate or minimise deep percolation by using an irrigation schedule where
. This is 16 done by rearranging Eq. The total return will be determined by rearranging Eq. (10): 22
where Za+b is the total return for environmental protection scheduling per unit of area in US $ ha
This schedule will result in the total field operating under deficit irrigation condition except at the point 3 where b a X   . There will be yield reduction in the deficit irrigation area according to the uniformity 4 of water application. This irrigation schedule can be used to prevent environmental pollution by 5 allowing an acceptable yield reduction. 6 7
4.
Micro-irrigation for water conservation 8 Different irrigation strategies require different total applied irrigation amounts and will produce total 9 return differences. Water conservation can be realised by comparing any two of the irrigation strategies 10 
4.1.
Comparing the optimal schedule with the conventional irrigation schedule 12
Water saving from the optimal irrigation schedule compared with the conventional irrigation schedule 13 can be obtained from Eqs. (15) and (16) as: 14
The difference in total return for these two irrigation schedules can be determined from Eqs. (14) and 16 The difference in total return between these two schedules can be determined from Eqs. (17) and (19) 5 as: 6
Comparing the simple irrigation schedule with the optimal irrigation schedule 9
The simple irrigation schedule can achieve water saving compared with the optimal schedule. This can 10 be determined from Eqs. (15) and (18) as: 11
The difference in total return between these two schedules can be determined from Eqs. (14) and (17) 
4.4.
Comparing the irrigation schedule for environmental protection with the optimal 1 irrigation schedule 2
More water saving can be achieved by using the schedule for environmental protection because the 3 whole area is under deficit irrigation. However, there will be yield reduction caused by deficit 4 irrigation. Water saving can be determined from Eqs. (15) and (20) as:
The total return reduction can be determined from Eqs. (14) and (21) 
Eqs. (22) 
5.
Hydraulic design in micro-irrigation systems 5
The goal of designing irrigation systems is to achieve the required uniformity for irrigation in the field. 6
Emission uniformity, EU, is one of the uniformity parameters used for micro-irrigation system design. 7
It is expressed as a function of hydraulic variation, the manufacturing variations and the number of 8 emitters which can be grouped together as a unit for irrigation application. When the manufacturing 9 variation expressed by the coefficient of variation and the number of emitter groups are selected and 10 designed, the required hydraulic variation can be determined for hydraulic design based on set design 11 criteria for emission uniformity. 12
The EU value can be determined based on emitter type, field layout, and the topographic situation in 13 the field (ASAE, 2000). Other design criteria for micro-irrigation systems are determined using an 14 economic analysis of optimal irrigation scheduling and the expected relative return based on the 15 availability of water resources and considerations of environmental pollution and groundwater 16 contamination (Wu & Barragan, 2000) . In both cases the range of EU values range from 65% to 95%. 17
To estimate design emission uniformity in terms of CV(m) and pressure variations at the emitter, Eq. 18 For point-source emitters, values of CV(m) less than 5% are considered excellent, and those between 5% 4 and 7% as average, whereas values greater than 7% would range from marginal to poor (ASAE, 2000) . 5
It is generally desirable to design emission uniformities within a sub-unit that range from 85% to 95% 6 for most micro-irrigation system types and crops on uniform topography and mildly sloped (< 2%) 7 fields. Higher EU values are desired for higher cash value crops, systems that are also used for 8 chemigation purposes, and when other economic or environmental constraints favour the additional 9 cost associated with higher design EU values. However, these criteria may be difficult to achieve with 10 fields that have steep or undulating topography and/or field slopes that exceed 2% and EU values of 11 The discharge characteristics of a drip emitter can be described by: 16
where q is the emitter discharge rate in l h (6) and (7) the Ea, DP and Vds values were also determined for X = a, X = 1, X = a+b 12 and X = X0. 13 The range of CV assigned in the simulation was based on the field situation that a total variation of 16 CV=30% was most likely the maximum variation for micro-irrigation. Several high uniformity design 17 systems, CV < 10%, were included. The selected CV values provide a reasonable range of uniformity 18 of micro-irrigation systems. 19
The Ky values show the additional effects on the economic analysis of crop sensitivity to deficit 20 irrigation. The reduction coefficient Ky resulting from deficit irrigation is in a range from 0.7 to 1.3 21
(Dorrenbos & Kassam, 1979). 22
The Cr1 values were selected based on the data collected for irrigation of vegetables in Hawaii (Wu, 23 1995) . The cost ratio Cr2 is difficult to determine since the information about cost induced by deep 24 seepage is not readily available. The range of Cr2 used in this simulation is arbitrarily assumed from 0 1 to 5 with the consideration that the cost induced by unit volume of deep seepage ds  is 50 or more 2 times higher than the unit cost of water w  .
4

7.
Results and discussion 5
A total of 30 tri-dimensional figures were plotted to show the simulation results. Six of these figures 6 were selected to show some of the simulation results (Figs. 2, 3, 4, 5, 6 and 7) . 7
The computer simulation results can be summarized as follows: Comparing the optimal schedule, X0, with the conventional irrigation schedule, X = a 8 A comparison of the conventional and optimal irrigation schedules shows that not only water is saved, 9 but also total return is increased using the optimal schedule (see, for example, Figs. 2 and 3) . 10
A trend towards a decrease in economic return and water saving was obtained for higher values of Ky, 11
(maximum for Ky = 0.7 and minimum for Ky = 1.3). For constant values of Ky the trend shows an 12 increase in economic return and water saving. This can be seen in Figs. 2 and 3 , where a higher 13 increase in return and water saving can be obtained from higher values of CV, Cr1 and Cr2 implying 14 lower uniformity of the micro-irrigation system, a higher cost of water and an area with more severe 15 pollution problems. 1
Water saving with respect to the amount for maximum yield, Wm, can be achieved from a few percent 2 to over 100%. The amount of saving depends on the uniformity of the micro-irrigation system, CV, the 3 reduction coefficient caused by deficit irrigation, Ky, and two cost functions Cr1 and Cr2 (see Fig. 2 ). 4
The increase in total return can range from a few percent to nearly 100% depending on the uniformity 5 of micro-irrigation system, CV, the reduction coefficient, Ky, and two cost functions Cr1 and Cr2 (Fig.  6 3). When a high uniform irrigation, % 10  CV , is designed and used the difference between the 7 conventional and optimal irrigation schedules will be reduced. 8
For CV=10% the conventional irrigation schedule will produce a maximum yield reduction of about 9 17% compared with the optimal yield (see Fig. 3 for Ky = 0.7; Cr1=0.10 and Cr2=1). In this case too 10 much water will be used, about 27% (see Fig. 2 for Ky =0.7; Cr1=0.10 and Cr2=1). 11
For coefficient of variation CV=5% the maximum yield reduction will only be about 7% (for Ky = 0.7). 12
In this case, the amount of water saved will be about 12% (for Ky =0.7). 13
For coefficient of variation CV = 10% the deep seepage Vds can be minimized to < 17% of the total 14 amount applied, QT, will cause a deficit DP = 0% and the application efficiency will be Ea > 82%, Eqs. 15 (5), (6) and (7) . 16
For coefficient of variation CV = 5% the values will be Vds < 9% of QT, DP = 0% and Ea > 91%. The 17 conventional irrigation schedule, X = a, which provides full irrigation for the whole field, not only 18 wastes too much water but also reduces the total return compared with the optimal irrigation schedule. 19
A conventional irrigation schedule can be used only when water is inexpensive and there is no concern 20 for environmental pollution. Under these conditions, the uniformity of the irrigation system (or 21 application) is not significant, and a less uniform irrigation system can be used. In Figs. 2 and 3 it can 22 be seen (for Ky = 0.7, Cr1 = 0 and Cr2 = 0) that both the maximum yield reduction and water saving are 1 negligible (for all CV values from 2.5% to 30%). For the other Ky values maximum yield reduction and 2 water saving are also negligible. The simple irrigation schedule can save even more water compared with the optimal schedule when 8
Cr2 is less than 0.6 as shown in Fig. 4 (minus sign specifies water saving). However, this will cause 9 some reduction in the total return depending on the cost of water Cr1, remediation costs for 10 environmental pollution Cr2, coefficient of crop sensitivity to deficit irrigation Ky, and coefficient of 11 variation CV (see Figs. 4 
and 5). 12
For remediation costs for environmental pollution Cr2 < 0.6 water savings increase as the Ky values 13 increase (minimum for Ky = 0.7 and maximum for Ky = 1.3). However, for remediation costs for 14 environmental pollution Cr2 > 0.6 water savings are reversed and the simple irrigation schedule uses 15 more water than the optimal one (Fig. 4) . 16
For CV = 10% the simple irrigation schedule (X = 1) will produce a maximum yield reduction 1 compared with the optimal yield (X0) of about 6% (for Ky = 1.3), 4% (for Ky = 1) and 3% (for Ky = 0.7) 2
In this case, the maximum water saving will be 21%, when the cost of water Cr1 = 0 and the 3 remediation costs for environmental pollution Cr2 = 0 (for all Ky values). For Cr2 > 1 the simple 4 irrigation schedule will use more water than the optimal one (see Figs. 4 and 5) . 5
For CV = 5% the maximum yield reduction in this case will only be about 3% (for Ky = 1.3 and 6 Cr2=0). The maximum water saving will be about 9%, when the remediation costs for environmental 7 pollution Cr2 = 0 and Cr1=0 (for all Ky values). For 1 2  Cr the simple irrigation schedule will use more 8 water than the optimal one (see Figs. 4 
and 5). 9
This shows the importance of designing micro-irrigation systems with high uniformities and accurately 10 calculating the amount of water required to achieve the maximum yield, Wm. 11
When the system is designed for high uniformity, CV < 10%, deep seepage Vds can be minimised to < 12 5% of the total amount applied, QT, will cause only a deficit DP < 5% and the application efficiency 13 will be Ea>95%, Eqs. (5), (6) and (7) . 14 For CV = 5% the values will be Vds <3% of QT, DP <3% and Ea>97%. 15 16 7.3. Comparing the optimal schedule, X0, with the environmental irrigation schedule, X = a+b 17 A comparison of the optimal irrigation schedule with the environmental protection irrigation schedule 18 indicated that there are definitely water savings when using the environmental protection irrigation 19 schedule, though there is also a fall in total return. 20
The trend towards a decrease in return, and an increase in water saving, was obtained for higher values 21
of Ky (minimum for Ky = 0.7 and maximum for Ky = 1.3). For constant values of Ky the reduction in 22 water saving as well as in total return will increase as the CV value increases, but will decrease with 1 respect to increased Cr1 and Cr2 values. 2
When there is an environmental concern in polluting nearby streams or underlying ground water, the 3 environmental protection schedule will prevent the possibility of pollution. In such as situation the 4 system should be designed as uniform as possible. 5
For CV=10% the environmental protection irrigation schedule (X = a+b) will produce only about 10% 6 (for Ky = 0.7), 15% (for Ky = 1) and 19% (for Ky = 1.3) maximum yield reduction compared with the 7 optimal yield. The maximum water saving will be 35% (for Ky = 1.3). 8
For CV = 5% the yield reduction in this case will only be about 2% (for Ky = 0.7) and 10% (for Ky = 9
1.3). The range of water saving will be from 17% (for Ky = 1.3) to 6% (for Ky = 0.7). 10
If the overall coefficient of variation is CV = 10% the deep seepage will be Vds = 0, will cause only a 11 deficit DP =15% and the application efficiency will be Ea = 100%, Eqs. (5), (6) and (7) . 12 costs for environmental pollution, Cr2). However, an increase or decrease in total return will depend on 17 the cost of water Cr1, remediation costs for environmental pollution Cr2, and the coefficient of 18
If the system is designed based on a uniformity with CV values between 5% and 10%, water saving and 20 the increase or decrease in total return are only limited (or acceptable). A comparison of the simple irrigation schedule with the environmental irrigation schedule indicates 10 that there are water savings when using the environmental irrigation schedule (for all Ky values and all 11 remediation costs for environmental pollution, Cr2). However, there will be a decrease in total return 12 depending on the cost of water Cr1, the remediation costs for environmental pollution Cr2, and the 13 coefficient of uniformity CV, (see Figs. 6 and 7) . For constant values of Ky the total return reduction 14 will increase as the CV value increases, but will decrease with respect to increased Cr1 and Cr2 values. 15
If the system is designed on the basis of a uniformity with CV values between 5% and 10%, the water 1 saving and the decrease or increase in total return are only limited (or acceptable). 2 3
Overall results 4
When the price of water and remediation costs are available (or can be estimated), the optimal 5 irrigation, X = X0, will achieve the optimal return, Z0, Eqs. (13) and (14). 6
Deep seepage, Vds (Eq. 7), can be eliminated or minimised by scheduling deficit irrigation, (a<X<a+b). 7
When a drip irrigation system is designed for CV between 5% and 10%, and scheduled for 10% deficit 8 irrigation, Eq. (6), deep seepage, Vds, can be minimised to less than 1% of the total amount applied, QT. 9
The two cost ratios, Cr1 and Cr2, Eqs. (11) and (12), are two economic indicators in the determination 10 of proper irrigation schedules. Information of both these ratios may not be available. However, if high 11 uniformity is designed for the micro-irrigation system, the significance of these two ratios will be 12
reduced. 13
For CV < 10% the simple irrigation schedule (X = 1) can be used when the two cost ratios, Cr1 and Cr2, 14 are not available. 15
The complete computer simulation shows the significance of drip irrigation design in regard to the 16 selection of design criteria. If the system is designed based on a CV<10% value both the conventional 17 (X = a) and the simple (X = 1) irrigation schedules can be used with only limited (or acceptable) yield 18 reduction and over-irrigation. Both the conventional (X = a) and the simple (X = 1) irrigation schedules 19 are very easy to use in field irrigation. 20
The economic analysis above did not include the capital cost of the irrigation system. However, since 21 the optimal scheduling requires a minimum uniformity in the micro-irrigation system to achieve an 22
